In this large national cohort study, family history of NHL, high fetal growth, older maternal age, low birth order, and male sex were independent risk factors for NHL in early life. 
The worldwide incidence of non-Hodgkin lymphoma (NHL) has increased dramatically in the past 50 years ( 1 , 2 ). Although the overall incidence began to stabilize in the 1990s, it has continued to increase among children, adolescents, and young adults ( 3 , 4 ) . This increase remains unexplained and does not appear to be entirely attributable to diagnostic methods ( 1 , 2 , 5 , 6 ) . NHL has heterogeneous etiologies that may involve genetic factors ( 7 -9 ) , immunodeficiency disorders ( 10 ), Epstein -Barr virus and other infections ( 11 ) , other environmental exposures ( 12 , 13 ) , and perinatal factors ( 14 , 15 ) . The increasing incidence in early life has led to a growing interest in identifying etiologic factors that may act during the perinatal period. Elucidation of perinatal risk factors may facilitate the identification of high-risk infants and potentially enable earlier detection and treatment of NHL.
Perinatal factors such as high birth weight, older maternal age, and low birth order have been hypothesized to increase the risk of NHL via growth factor pathways ( 16 ) , age-related changes in DNA repair pathways ( 17 ) or gene expression ( 18 ) , and the immunologic effects of delayed infectious exposures ( 19 ) . Previous studies of these factors have reported discrepant results but have been limited by small sample sizes, wide variability in adjustment for confounding, and potential selection bias due to socioeconomic and other differences between case and control subjects. In addition, most studies of birth weight have not examined its specifi c components, gestational age at birth and fetal growth ; hence , the specifi c contributions of these factors are still unknown.
We conducted a national cohort study of 3.5 million people born in Sweden in 1973 -2008, who were followed for NHL incidence through 2009, to examine risk factors for NHL in childhood through young adulthood. Detailed information on perinatal and family characteristics and NHL diagnoses were obtained by linkage of national birth and cancer registries that are nearly 100% complete. Correspondence to: Casey Crump, MD, PhD, Department of Medicine, Stanford University, 900 Blake Wilbur Dr, Stanford, CA 94304-2205 (e-mail: kccrump@stanford.edu ).
Background
The incidence of non-Hodgkin lymphoma (NHL) in early life has increased in recent decades, but the relevant risk factors remain largely unknown. We examined perinatal and family risk factors for NHL in childhood through young adulthood.
Methods
We conducted a national cohort study of 3 571 574 individuals born in Sweden in 1973 -2008 who were followed for incidence of NHL through 2009 (ages 0 -37 years). Detailed information on perinatal and family characteristics and NHL diagnoses were obtained from national birth and cancer registries. Cox proportional hazards regression was used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for the association between perinatal and family variables and NHL; P values are from two-sided tests.
Results
There were 936 NHL case patients identified in 66.3 million person-years of follow-up. Independent risk factors for NHL included family history of NHL in either a sibling (adjusted HR = 9.84; 95% CI = 2.46 to 39.41; P = .001) or parent (adjusted HR = 2.36; 95% CI = 1.27 to 4.38; P = .007); high fetal growth (for ≥ 2 SDs relative to 0 to <1 SD from the mean: adjusted HR = 1.64; 95% CI = 1.19 to 2.25; P = .002); older maternal age (adjusted HR for each 5-year increment = 1.11; 95% CI = 1.04 to 1.19; P trend = .004); low birth order (adjusted HR for each increment of one birth = 0.91; 95% CI = 0.84 to 0.99; P trend = .02); and male sex (adjusted HR = 1.58; 95% CI = 1.38 to 1.80; P < .001). Male sex was associated with onset of NHL before 15 years of age but not with later-onset NHL, whereas the other risk factors did not vary by age at diagnosis. No association was found between gestational age at birth, twinning, paternal age, or parental education and NHL.
Statistical Analysis
Cox proportional hazards regression was used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for the association between perinatal and family variables and NHL. Individuals were censored at death (n = 32 566; 0.9%) or at emigration as determined by the absence of a Swedish residential address in census data (n = 102 217; 2.9%). Analyses were at first conducted without adjustment and then adjusted for covariates in a single model in which each variable was adjusted for all the others. Robust standard errors were used to account for clustering within families ( 41 ) . First-order interactions among the covariates were explored using a likelihood ratio test. The proportional hazards assumption was evaluated using the method described by Grambsch and Therneau ( 42 ) . In addition, multinomial logistic regression was used to test for heterogeneity in the association between each risk factor and NHL by age at diagnosis, comparing patients diagnosed at less than 15 years of age vs those diagnosed at 15 or more years of age. All statistical tests were two-sided and used an ␣ level of .05. All analyses were conducted using Stata statistical software, version 11.0 ( 43 ) .
Results
Among the 3 571 574 individuals in this cohort, 936 (0.03%) NHL case patients were identified in 66.3 million person-years of
CONTEXT AND CAVEATS

Prior knowledge
The incidence of non-Hodgkin lymphoma (NHL) has been increasing among children and adolescents. It was unclear whether perinatal and family characteristics contribute to the incidence of pediatric NHL.
Study design
More than 3.5 million individuals who were born from 1973 to 2008 and had complete birth records in the Swedish birth registry were followed until the end of 2009 (age 0 -37 years) for incidence of NHL. Cox proportional hazard models were used to estimate the association of perinatal and family characteristics (from registry records) with risk of NHL.
Contribution
Among the 936 persons who developed NHL, independent risk factors included having a history of NHL in a sibling or parent, a high fetal growth rate, an older mother, and low birth order. Male sex was associated with incidence of NHL among subjects younger than 15 years. Time of gestation, twinning, paternal age, and parental education were not associated with risk of NHL.
Implication
Genetic factors and conditions in utero may contribute to the incidence of pediatric NHL.
Limitations
Information concerning a history of infection or immune disorders, smoking , and/or environmental exposures was unavailable. Statistical power was limited for determining associations with histological subtypes.
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Downloaded from https://academic.oup.com/jnci/article-abstract/104/12/923/913009 by guest on 11 March 2019 follow-up. NHL incidence rates, stratified by age and sex, are presented in Table 1 ; the overall incidence rate was 1.4 per 100 000 person-years (1.7 for males and 1.1 for females). The mean duration of follow-up was 18.6 ± 10.4 years (median, 18.6 years), and the mean age at NHL diagnosis was 13.8 ± 10.0 years (median, 11.8 years).
Compared with individuals who were never diagnosed with NHL, those with NHL were more likely to have been born early in the study period, to be male, to have parents with the lowest educational attainment, or to have a family history of NHL in a sibling or parent ( Table 2 ).
All NHLs
The strongest risk factor for NHL was family history of NHL in either a sibling (adjusted HR = 9.84; 95% CI = 2.46 to 39.41; P = .001) or a parent (adjusted HR = 2.36; 95% CI = 1.27 to 4.38; P = .007) ( Table 3 ). These risk estimates were based on a small number of case patients with an affected sibling (n = 4, consisting of two sibling pairs, all male) or parent (n = 10, consisting of six case patients with an affected same-sex parent and four with an affected opposite-sex parent). There was no evidence that the association with family history depended on whether the affected family member was male or female ( P for heterogeneity = .31). However, having a same-sex sibling or a same-sex parent with NHL (adjusted HR = 2.63; 95% CI = 1.18 to 5.88; based on 10 case patients) was a stronger risk factor than having an opposite-sex sibling or an opposite-sex parent with NHL (adjusted HR = 2.01; 95% CI = 0.75 to 5.38; based on four case patients) ( P for heterogeneity = .02).
Other statistically signifi cant risk factors for NHL included male sex, high fetal growth, older maternal age, and low birth order. Male sex was associated with a 1.5-fold risk of NHL relative to female sex (adjusted HR = 1.58; 95% CI = 1.38 to 1.80; P < .001). High fetal growth ( ≥ 2 SD above the reference birth weight for gestational age and sex, relative to 0 to <1 SD) was also associated with an increased risk of NHL (adjusted HR = 1.64; 95% CI = 1.19 to 2.25; P = .002), although there was no linear trend across the full range of fetal growth levels ( P trend = .12). In addition, older maternal age was associated with an increased risk of NHL (adjusted HR for each 5-year increment = 1.11; 95% CI = 1.04 to 1.19 [not shown in table]; P trend = .004), and birth order was inversely associated with NHL (ie, higher birth order was associated with reduced risk) (adjusted HR for each increment of one birth = 0.91; 95% CI = 0.84 to 0.99 [not shown in table]; P trend = .02). An ancillary analysis showed that there was no association between number of siblings (1, 2, 3, 4, ≥ 5) and NHL ( P trend = .76; not included in the fi nal model due to collinearity with birth order). Each of the statistically signifi cant trends reported in Table 3 had no evidence of departure from linearity (likelihood ratio test, P > .05).
Maternal age was an important confounder of the association between low birth order and NHL: the inverse relationship between birth order and NHL was evident only after adjusting for maternal age ( P trend = .02) and not in the unadjusted model ( P trend = .52). All other risk estimates were only modestly affected, if at all, by adjustment for covariates. Ancillary analyses showed that the association between older maternal age and NHL remained statistically signifi cant after further adjusting for paternal age ( P trend = .005), whereas paternal age was not associated with NHL, with ( P trend = .31) or without ( P trend = .30) adjustment for maternal age and the other covariates.
Neither low nor high gestational age at birth was associated with NHL ( Table 3 ) . Maternal and paternal education levels also were not associated with NHL, regardless of whether only one or both of these variables were included in the model. Excluding either had no effect on other risk estimates.
We explored the effect of age at NHL diagnosis on these results. Male sex was a strong risk factor for NHL among the 554 case patients diagnosed before age 15 years (adjusted odds ratio [OR] = 2.09; 95% CI = 1.74 to 2.50) but was not a risk factor among the 382 case patients diagnosed at age 15 years or older (adjusted OR = 1.09; 95% CI = 0.89 to 1.33; P for heterogeneity < .001). There was no evidence of heterogeneity by age at diagnosis for the association between any other variable and NHL ( P for heterogeneity > .05 for each). Specifi cally, the association between maternal age and NHL was similar comparing individuals diagnosed before age 15 years (adjusted OR for each 5-year increment of maternal age = 1.07; 95% CI = 0.97 to 1.17) with those diagnosed at age 15 years or older (adjusted OR = 1.16; 95% CI = 1.04 to 1.30; P for heterogeneity = .27). The association between birth order and NHL was also similar comparing these two groups (adjusted ORs for each increment of one birth = 0.94 [95% CI = 0.85 to 1.04] and 0.87 [95% CI = 0.77 to 0.99], respectively; P for heterogeneity = .39). We found no statistically signifi cant fi rst-order interactions among the covariates, including between fetal growth and birth cohort ( P = .49), with respect to NHL risk.
NHL Subtypes
NHL subtypes were categorized as diffuse B-cell (n = 320), other or unspecified B-cell (n = 170), or T-cell (n = 114 ), whereas subtype data were missing for 332 case patients. Individuals with missing subtype data had a similar sex and family history distribution, and similar fetal growth, maternal age, and birth order, compared with individuals with reported subtype data ( P > .05 for each, using binomial test for proportions for sex and family history, t test for fetal growth and maternal age, and Kruskal -Wallis nonparametric test for birth order).
Male sex was associated with each of these subtype categories ( Table 3 ) . Family history of NHL in a sibling was associated with diffuse B-cell subtypes (adjusted HR = 13.62; 95% CI = 1.92 to 96.77; P = .009) but was not estimable for other subtypes because there were no affected siblings. Older maternal age was associated with an increased risk of diffuse B-cell subtypes ( P trend = .02) and a borderline increased risk of T-cell subtypes ( P trend = .05).
We also found birth cohort effects, with a decreasing risk of diffuse B-cell subtype and an increasing risk of other B-cell and T-cell subtypes in more recent birth years ( P trend < .001 for each). We assessed the possibility that the apparent subtype-specifi c birth cohort effects were due to more complete reporting by performing two sensitivity analyses. In the fi rst analysis, case patients with missing subtype in each birth cohort were randomly assigned a subtype according to previously reported approximate frequencies (50% diffuse B-cell, 40% other B-cell, 10% T-cell) ( 44 , 45 ) . In the second analysis, case patients with missing subtype were randomly assigned a subtype according to the distribution of known subtypes that were observed in these data for the same birth cohort, age, and sex. In both of these sensitivity analyses, the birth cohort effect for each subtype persisted and remained highly statistically signifi cant ( P trend < .01 for each), suggesting that this was unlikely to be due to temporal changes in reporting.
Discussion
In this large national cohort study, we identified several perinatal and family risk factors for NHL in early life. The strongest risk Maternal education, y ≤ 9
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. * CI = confidence interval; HR = hazard ratio ; NE = not estimable ; SD = standard deviation. The adjusted model included sex, birth year, fetal growth, gestational age at birth, multiple birth, birth order, maternal age at delivery, maternal and paternal education level, and family history of NHL in a sibling or parent. † P for trend for ordered polytomous variables and Wald P for dichotomous variables, in the adjusted model. In each case where the P value for linear trend was less than .05, a separate likelihood ratio test for departure from linearity was not statistically significant ( P > .05). All P values were from two-sided tests.
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factor was family history of NHL, particularly in a sibling. High fetal growth was also associated with NHL, independent of gestational age and other perinatal factors, and this was consistent with a possible threshold rather than linear effect. In addition, older maternal (but not paternal) age, low birth order, and male sex were independent risk factors for NHL. Male sex was associated with NHL onset before 15 years of age but not later-onset, whereas the other risk factors did not vary by age at diagnosis. These fi ndings suggest several heterogeneous mechanisms. First, the associations between family history and risk of NHL were based on a small number of case patients with affected family members and therefore should be interpreted with caution. However, they are generally consistent with earlier fi ndings and may refl ect both genetic and shared environmental factors. There is increasing evidence for a role of genetic polymorphisms in NHL carcinogenesis ( 7 -9 ) , although the heritability of NHL in the Swedish population has been estimated to be only 10% ( 46 ) . The ninefold risk we observed among individuals with a family history of NHL in a sibling was stronger than the approximately twofold risk reported in previous studies ( 40 ) . The strength of this association relative to that for a parental history of NHL, as well as the stronger association we found with a same-sex compared with opposite-sex family history, are suggestive of important shared environmental factors that have yet to be identifi ed. Increased sex concordance of sibling pairs has been reported for other diseases associated with immunologic dysfunction, including multiple sclerosis, sarcoidosis, Behcet disease, Hodgkin lymphoma, and chronic lymphocytic leukemia ( 47 , 48 ) . Pooled studies with larger samples of NHL-affected sibling pairs would be useful to further elucidate potential gene -environment interactions.
The association we found between high fetal growth and NHL is in contrast to most fi ndings for birth weight based mainly on case -control studies. A recent meta-analysis of fi ve case -control studies (2660 case and 69 274 control subjects, aged <18 years) and two cohort studies (278 751 children, aged <9 years) reported no overall association between high or low birth weight and NHL ( 49 ) . However, unlike this study, those studies were limited to children and/or adolescents, and most did not account for gestational age at birth. Another smaller cohort study in Australia reported that a high proportion of optimal birth length was associated with an increased risk of NHL in girls but not boys younger than 15 years of age ( 15 ) . The mechanism by which high fetal growth may affect the risk of NHL is not well established, but one hypothesis involves growth factor pathways, specifi cally insulinlike growth factor 1 (IGF-1 ), which is associated with fetal growth and has been shown to inhibit apoptosis and enhance tumor growth ( 16 ) .
The association we found between older maternal age and increased risk of NHL is consistent with a statistically nonsignificant trend reported in a US pooled case -control study ( 38 ) , but in contrast to smaller Swedish ( 50 ) and Californian ( 51 ) cohort studies. We found that older maternal age was associated with NHL even after adjusting for paternal age, whereas paternal age was not associated with NHL with or without adjustment for maternal age and other covariates. These relationships warrant further confi rmation in other large cohort studies. Possible mechanisms may involve impaired DNA repair pathways in oocytes of older mothers ( 17 ), age-related decreases in oocyte gene expression ( 18 ) , or transgenerational inheritance of epimutations in oocyte genes ( 38 ) . Age-related germline mutations are also possible but are more likely to be a paternal rather than maternal effect (because of more cell divisions in sperm during gametogenesis) ( 52 ) , and therefore are not strongly supported by these fi ndings.
We also found that the risk of NHL was inversely related to birth order, after adjusting for maternal age. This was consistent with earlier fi ndings from a UK case -control study ( 37 ) and with a statistically nonsignifi cant inverse trend in a US pooled casecontrol study ( 53 ) , but in contrast to other smaller studies that found an opposite trend ( 30 , 34 ) or no association ( 19 , 35 , 36 ) . One study indicated that some of the opposite (positive) trends previously reported between birth order and NHL may be spurious because of selection bias and confounding by socioeconomic status ( 54 ) . This study also suggests that maternal age is an important confounder that should be accounted for in future analyses. The inverse association we found between birth order and NHL is consistent with the "delayed exposure hypothesis," which postulates that delayed exposure to Epstein -Barr virus and other infectious agents (which may result from the absence of older siblings) impairs the normal maturation of the immune system from a T helper cell type 2 (Th2) to a T helper cell type 1 (Th1) preponderance. This in turn leads to an altered immune response , which may predispose to the development of NHL ( 19 ) . NHL incidence rates (per 100 000 person-years) during childhood ( age <15 years) in this cohort (1.7 for males and 0.8 for females) were higher than those reported in the United States during 1998 -2002 (1.2 for white males and 0.6 for white females) ( 2 ) or England during 1954 -1998 (0.6 for males and 0.3 for females) ( 55 ) and were similar to various others previously reported in Asia, Africa, and South America ( 56 , 57 ) . To our knowledge, the decreasing risk of diffuse B-cell subtypes that we found during this study period (1973 -2009) has not been previously reported, whereas the increasing risk of other B-cell and T-cell subtypes is generally consistent with trends reported for Europe during 1985 -1992 ( 44 ) and the United States during 1975 -1995 ( 45 ) . These trends are still not well explained and warrant further investigation for important unmeasured environmental exposures.
The most important strengths of this study were its national cohort design and large sample size, enabling more robust and generalizable inferences. Linkage of birth and cancer registries provided detailed information on perinatal factors and NHL incidence that was nearly 100% complete. A cohort design prevented selection bias that may potentially occur in case -control studies, and the use of registry-based data prevented bias that may result from self-reporting. We were able to examine the specifi c contributions of fetal growth and gestational age at birth. In addition, family history of NHL was based on registry data with virtually complete ascertainment rather than self-report, thus improving the reliability of those risk estimates.
Study limitations included the unavailability of information on infection history, immune-related disorders, smoking , and other environmental exposures ; hence , we were unable to examine the potentially important effects of these factors. Although statistical power was greater than in most previous studies, it was still limited for detecting associations with specifi c histological subtypes. Subtype data were also missing for some individuals, although there was no evidence that this occurred differentially with respect to perinatal factors or family history.
In summary, in this large national cohort study, family history of NHL, high fetal growth, older maternal age, low birth order, and male sex were identifi ed as independent risk factors for NHL in early life. These fi ndings suggest several heterogeneous mechanisms including possible growth factor pathways in utero, immunologic effects of delayed infectious exposures, as well as other unmeasured environmental and genetic factors. Further elucidation of these risk factors may facilitate the identifi cation of high-risk individuals at young ages and potentially enable earlier detection and treatment.
